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A three-component fluid model for a dusty plasma-sheath in an oblique magnetic field is presented.
The study is carried out for the conditions when the thermophoretic force associated with the
electron temperature gradient is one of the most important forces affecting dust grains in the sheath.
It is shown that the sheath properties the sheath size, the electron, ion and dust particle densities and
velocities, the electric field potential, and the forces affecting the dust particles are functions of the
neutral gas pressure and ion temperature, the dust size, the dust material density, and the electron
temperature gradient. Effects of plasma-dust collisions on the sheath structure are studied. It is
shown that an increase in the forces pushing dust particles to the wall is accompanied by a decrease
in the sheath width. The results of this work are particularly relevant to low-temperature
plasma-enabled technologies, where effective control of nano- and microsized particles near solid or
liquid surfaces is required. © 2010 American Institute of Physics. doi:10.1063/1.3526740
I. INTRODUCTION
As a unique multicomponent system, dusty complex
plasmas have attracted a major interest in the last few de-
cades. It has been actively studied in laboratory, industrial
and astrophysical situations.1–5 At present, properties of such
plasmas, including collective phenomena, dust generation
and charging, formation of complex self-organized structures
dust crystals, voids, vortices, dust balls, etc., and forces
affecting dust particles are reasonably well understood.1–11
It has also been studied how dust particles affect other
plasma particles their densities, spatial distributions, drift
velocities, electron energy distribution function, and tem-
perature. In particular, it was shown that the presence of
dust particles in laboratory plasmas is usually accompanied
by a decrease of the electron density and an increase of the
electron temperature.1,12 Dust particles also affect the shape
of the electron energy distribution function,13–15 as well as
the plasma-sheath.16
The presence of dense clouds of dust particles near the
wall essentially changes the plasma-sheath behavior and a
new dissipative sheath structure can be formed.2 The dust
particles can be introduced artificially in a plasma-sheath or
may appear as the impurity contaminants, which are added
by production tools and processes. In plasma-assisted fabri-
cation of microchips, the dust contaminant is a serious threat,
and the dust particles must be removed from the plasma en-
vironment; otherwise the unwanted contaminant compro-
mises the performance and quality of the microchip. In tech-
nologies, where plasma-grown nanoparticles are building
units for nanostructures formed on a substrate, the dust par-
ticles cross the sheath before their deposition on the sub-
strate. A precise manipulation of these building units in the
sheath is required,17–23 which is impossible without under-
standing processes in the dusty sheath.
The dynamics of the dust component in the plasma-
sheath, both an isolated grain and a dense cloud of dust par-
ticles, has been studied by several authors.24–31 Most of the
studies have been carried out for the case when an external
magnetic field is absent. Ma and Yu27 showed that there ex-
ists a critical velocity for ions similar to the Bohm criterion
for two-component plasma entering the sheath, which is a
function of dust density. They also found that the potential
drop near the wall is small the sheath is wider for interme-
diate values of dust density than that of the dust-free case,
while at large density the potential drop is larger the sheath
is narrower. A self-consistent relation between the dust sur-
face potential and ion Mach number at the sheath edge was
derived in Ref. 30. Chutov and co-workers32 showed that
dust particles due to selective collection of electrons and ions
can cause essential change in both electron and ion distribu-
tion functions, as well as ion flux into the sheath. A dusty
plasma-sheath was also simulated in the presence of two
temperature electrons.33 It was shown numerically that
trapped dust grains play an important role in sheath modifi-
cation leading to the formation of triple electric field struc-
ture within the sheath and construction of the sheath.34 The
Bohm criterion for the electrostatic sheath in electronegative
dusty plasmas, which are composed of electrons, negative
and positive ions, as well as dust grains, was investigated in
Ref. 35. Mikikian et al.36 measured the dust charge in the
sheath in a dc discharge plasma. The influence of different
dust density as well as of the negative bias to the metallic
plate on the ion sheath structure was studied experimentally
in Ref. 37.
Magnetized plasma-sheaths with dust particles have
been also intensively studied. It was shown that the equilib-
rium and levitation of dust particles in a collisional magne-
tized sheath depends on plasma-neutral collision frequencies
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and on the magnetization, if the ambient magnetic field is
parallel to the wall.38 The structure of a plasma-sheath and
dynamics of a dust particle embedded in the sheath in the
presence of an oblique magnetic field were investigated in
Refs. 39 and 40. Considering the Boltzmann response of the
ions and electrons in plasma dynamics and inertial dynamics
of the dust charged grains embedded in a constant magnetic
field, the nature of the electrostatic potential near a plasma
boundary was previously reported.41 The effects of the mag-
nitude of the oblique magnetic field, the dust and plasma
number densities, and the electron temperature on the sheath
structure and spatial distributions of various sheath param-
eters were also studied.42 A magnetized sheath of a dusty
plasma was investigated via numerical solution of stationary
multifluid equations by taking into account the electric, mag-
netic, gravitational, ion drag, neutral drag forces, and the
thermophoretic force associated with neutral gas temperature
gradient.43 Meanwhile, properties of a magnetized sheath un-
der the conditions, when the thermophoretic force associated
with the electron temperature gradient is one of the most
important forces affecting dust grains, have not been studied.
In this paper, we study a dusty plasma-sheath in the pres-
ence of an oblique magnetic field. To investigate the behav-
ior of the structure, a three-component fluid model is devel-
oped. The case, when the dust charge density is larger than
the electron density, is considered. Studying the dust particle
behavior in the sheath, we account for most important forces
affecting dust grains: the electric and ion drag forces, ther-
mophoretic force associated with neutral gas temperature
gradient and the gravitational force. We also account for ef-
fects of the thermophoretic force associated with electron
temperature gradient,44 which can be important in low-
pressure high-density plasmas, when the ratio of the electron
density to the neutral gas density and the electron tempera-
ture gradients are large. An example of the plasma, where the
force can be important, is electron cyclotron plasma. We in-
vestigate how the magnetized sheath parameters the sheath
size, the electron, ion, and dust particle spatial distributions,
the dust particle and ion velocities, the dust charge, the elec-
tric potential, and the forces affecting dust particles depend
on dust particle radius, dust material density, neutral gas
pressure, ion temperature, and electron temperature gradient.
This article is organized in the following fashion. In Sec.
II, the multifluid model and main assumptions of the model
are introduced. The numerical results on the study of the
sheath structure are presented in Sec. III. The article con-
cludes in Sec. IV with the discussion and summary of the
results.
II. THEORETICAL MODEL AND BASIC EQUATIONS
In this section, we present a theoretical model for a
plasma-sheath with dust particles in an oblique magnetic
field. We consider the case of an argon discharge sustained
near a planar electrode Fig. 1. The gas discharge consists of
positive single-charged ions with density ni, electrons with
density ne, and dust particles with density nd, dust radius rd
and charge Zd, as well as of neutral argon atoms with density
nn. The gas discharge may be separated into two regions, the
plasma bulk, where the plasma is quasineutral, and the
sheath layer, where the total charge density is not equal to
zero.
The plasma-sheath boundary is located at z=0, where
the electrostatic potential is assumed to be zero. The elec-
trode wall is sustained at the potential w and is located at
z=D. The steady-state magnetic field B makes an angle 
with the z-axis. We consider the case when the neutral gas
and electron temperatures are nonuniform in the z-direction
and the ion temperature is assumed to be equal to the gas
temperature. The dust particles in the discharge are affected
by different forces such as the electric, Lorentz, gravita-
tional, ion and neutral drag forces, and the thermophoretic
force. It is assumed that the gravitational force is directed in
the z-direction to the wall.
To describe the densities and velocities of electrons,
ions, and dust particles, we use a multicomponent fluid
approach.45–47 In this approach, the densities of the charged
particles are described by the continuity equations
d
dz
ndvdz = 0, 1
d
dz
niviz = ionnnne − id
c nd, 2
d
dz
nevez = ionnnne − ed
c nd, 3
where v jz is the z-component of species j j=d , i ,e for dust
particles, ions, and electrons, respectively. ion is the rate for
ionization of ground-state atoms. We take the rate in the
form48 ion=510−8 exp−15.8 /Te s−1 here Te is the elec-
tron temperature in eV.  jd
c is the frequency with which the
species j attach to a dust grain. The expressions for  jdc will
be given below.
FIG. 1. The geometry of the magnetized plasma-sheath.
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The velocities of charged particles in the sheath are de-
scribed by the momentum equations, for the dust particles,
mdvdz
dvdx
dz
=
eZd
c
Bvdy cos  + Fidx + Fndx, 4
mdvdz
dvdy
dz
=
eZd
c
Bvdz sin  − vdx cos  + Fidy + Fndy ,
5
mdvdz
dvdz
dz
= − eZdddz + Bc vdy sin 
+ Fidz + Fndz + Fthz + mdg , 6
for the ions
miviz
dvix
dz
=
e
c
Bviy cos  − miinvix − miid
e vix, 7
miviz
dviy
dz
=
e
c
Bviz sin  − vix cos 
− miinviy − miid
e viy , 8
miviz
dviz
dz
= − eddz + Bc viy sin 
−
Ti
ni
dni
dz
− miinviz − miid
e viz, 9
and for the electrons
0 = −
e
c
Bvey cos  − meenvex − meed
e vex, 10
0 = −
e
c
Bvez sin  − vex cos  − meenvey − meed
e vey ,
11
0 = eddz + Bc vey sin  − 1ne ddz neTe − meenvez
− meed
e vez, 12
where e is the elementary charge,  is the electrostatic po-
tential, g is the gravitational constant, and c is the speed of
light. mj is the mass, v jx, v jy, and v jz are the x-, y-, and
z-components of the velocity of the species j. inen and
id
e ed
e  are the momentum-transfer rates for ion electron-
neutral and ion electron-dust collisions, respectively. Fid,
Fnd, and Fth are the =x ,y ,z components of the ion
and neutral drag forces and the thermophoretic force,
respectively. Te and Ti are the electron and ion temperatures,
respectively.
The momentum-transfer rates  jn and  jd
e in Eqs.
7–12 were determined using the expressions13
 jn=nn jnVtj and  jd
e
=nd jd
e Vtj, where  jn and  jd
e are
the cross sections for collisions of electrons or ions
with neutral and dust particles, respectively. In our
calculations, in=5.010−15 cm2, en=5.410−16 cm2,49
and  jd
e
=	rd
22e2Zd /mjrdVtj
2 2e2rd/
D ln  j, where  j	
−
DmjVtj
2 /rded	, Vtj = v¯ j
2+8Tj / 	mj1/2 is the total velocity
of the jth particle and d is the dust surface potential.

D=
De
Di / 
De
2 +
Di
2 1/2 is the plasma Debye radius, where

De=
Te /4	nee2 and 
Di=
Ti /4	nie2 are the electron and
ion Debye radii, respectively.
The electrostatic potential  is governed by the Poisson
equation,
d2
dz2
= 4	ene − ni − Zdnd . 13
At the plasma-sheath boundary, the densities of charged par-
ticles are connected by the quasineutrality condition
ni0 − ne0 + Zd0nd0 = 0, 14
where ni0, ne0, nd0, and Zd0 are the ion, electron, and dust
particle densities and dust charge at z=0, correspondingly.
The ion drag force, affecting a dust grain, may be di-
vided on two components, the collection force
Fid
coll
= 	rd
2nimiVtiv¯ i1 − 2e2Zd
rdmiVti
2  15
and the orbit force
Fid
orb
= 2	b0
2nimiVtiv¯i lnb02 + 
D2b02 + bc2  , 16
where v¯i=vi−vd is the ion velocity with respect to the dust
particle, b0=e2Zd / mivi
2 and bc=rd1−2b0 /rd1/2.
For the typical ratio vd /vth1 where vth=
Tn /mn,
while Tn and mn are the neutral gas temperature and mass,
respectively, the neutral drag force Fnd is given by39
Fnd = −
8
3

2	rd2mnnnvtnvd. 17
The total thermophoretic force Fth=Fth,n+Fth,e can be split
into two components originating from the electron and neu-
tral temperature gradients. The thermophoretic force associ-
ated with the neutral temperature gradient zTn is
Fth,n  −
5
4
2 rdLJ
2
zTn, 18
where LJ 3.410−8 cm is the Lennard-Jones collision
diameter of the gas.
The thermophoretic force associated with electron tem-
perature gradient may be approximated by44
Fth,e  −
8
2
15

D
2 ne
ennn
zTe. 19
Expression 19 is obtained assuming that the screened
length of the electric field around dust particles is about the
Debye length, which is applicable only for relatively small
dust particles rd1 m.1
To calculate the electric and ion drag forces and the rates
describing electron ion-dust interactions, we need to know
the dust charge Zd as a function of coordinate z. The dust
charge can be obtained by balancing the electron and ion
grain currents,
123708-3 Structure of the magnetized sheath of a dusty plasma Phys. Plasmas 17, 123708 2010
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
131.181.251.130 On: Fri, 11 Jul 2014 01:57:40
Ie + Ii = 0, 20
where the electron grain current, Ie, is given by
Ie = − 	rd
2neeVtefZd , 21
where fZd=expe2Zd /rdTe for Zd0 and fZd=1
+e2Zd /rdTe for Zd0.
The ion current to a negatively charged dust grain is
approximated by50
Ii = 	rd
2nieVti1 −  + H2
D/
mfp , 22
where 
mfp=1 / nnin is the ion mean free path and
=2e2Zd / rdmiVti
2. The function H has the following asymp-
totes: H0.1 for 0.110, H for 1, and
H−2ln 3 for 1, where =2	e2Zd	 / 
DmiVti
2.50
For positively charged dust grains, the ion current is de-
termined by
Ii = 	rd
2nieVti exp− 2e2Zd/rdmiVti
2 . 23
The dust charging theory can be used if the distance between
grains d which is about nd
−3 is larger than the ion Debye
length. On the other hand, the fluid model for dust dynamics
requires that the intergrain distance be smaller than the elec-
tron Debye length. For typical plasma parameters considered
here ni0ne0=1010 cm−3, Te=3 eV, and Ti=0.05 eV, the
theoretical model is applicable in the dust density range
4.6105 cm−3nd8.8108 cm−3.
Note also that the dust charging theory may be used only
if the dust radius rd is smaller than the electron gyroradius,
i.e., the magnetic field B must be smaller than a critical value
Bcr determined by51
BcrkGrdm = 41.37
TeeV/3eV .
We supplement Eqs. 1–13 with the following boundary
conditions at the sheath edge z=0:
vex,y,z = vix,y = vdx,y = 0, viz = 1.5cis, vdz = 3cds,
24
 = 0,
d
dz
= −
mi
e
in + id
e viz.
Here, cis=
Te /mi and cds=
ZTe /md are the ion-acoustic and
dust-acoustic velocities, respectively. Z=rdTe /e2 is the
charge number of the dust particle when its surface potential
is equal to Te /e.
Using the boundary conditions, we assume that the elec-
tron drift velocity at the sheath edge is smaller than the elec-
tron thermal velocity, i.e., the electrons are about Boltzmann
distributed at z=0. It is assumed that ions and dust particles
in the plasma region are accelerated mainly in the
z-direction, i.e., their x- and y-velocity components are small
as compared with the component in the z-direction. The ex-
pression for the potential gradient d /dz at z=0 is obtained
from Eq. 9, assuming that the nonlinear term with respect
of viz mivizdviz /dz as well as the term Ti /nidni /dz at
z=0 are small comparing with the electric field force and/or
the friction forces. The ion and dust particle velocities at the
sheath edge are chosen in such way to provide an equilib-
rium state of the sheath structure.
The set of Eqs. 1–13 with boundary conditions 24
are solved numerically using a fourth-order Runge–Kutta
method. Simultaneously, the dust charge as a function of
plasma parameters is found from Eq. 20, using the step-by-
step method. Starting from z=0, we march in space until the
requirement =w is fulfilled. It also allows us to determine
the sheath thickness.
III. NUMERICAL RESULTS
In this section, we will study the spatial distributions of
the sheath parameters the electron, ion and dust particle
number densities and their velocities, the electric field poten-
tial, the forces affecting dust particles, the dust particle
charge, and the sheath size. It will be found how the param-
eters depend on dust-plasma collisions, dust particle
radius, dust particle mass density, neutral gas pressure and
temperature, and electron temperature gradient. The spatial
distributions will be obtained from Eqs. 1–13, assuming
that the normalized wall potential has a fixed value here,
ew /Te=−10.
Most of the results, presented in this section, are ob-
tained for the ion temperature at the sheath edge Tiz=0
=0.05 eV, which is assumed to be equal to the gas
FIG. 2. The spatial distributions of the forces affecting dust particles: a
The thermophoretic forces, Fth,e and Fth,n, associated with electron tempera-
ture gradient dashed curve and neutral temperature gradient long dashed
curve, the ion drag force component Fidz solid curve, and the gravitational
force Fg dashed-dotted curve. b The magnetic force FB dotted curve
and the electric force FE solid curve. The curves are obtained for
Tiz=0=0.05 eV, Tez=0=3 eV, ne0=1010 cm−3, p0=1 mTorr,
nd02.8107 cm−3, zTe=−40 K cm−1, zTn=−20 K cm−1, rd=100 nm,
and d=3 g cm−3.
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temperature Tnz=0, the electron temperature at the sheath
edge Tez=0=3 eV, the electron density at the edge
ne0=1010 cm−3, the neutral gas pressure p0=1 mTorr,
the edge dust density nd02.8107 cm−3, the electron
temperature gradient zTe=−40 K cm−1, the neutral tem-
perature gradient zTn=−20 K cm−1, the dust particle radius
rd=100 nm, and the dust material density d=3 g cm−3.
First, study the forces affecting dust particles in the
sheath and determine what forces are most important. In
Fig. 2, the spatial distributions of the forces Fth,e, Fth,n,
Fidz=Fidz
coll+Fidz
orb, Fg=mdg, FB=−eZdB /cvdy sin, and
FE=−eZdd /dz are shown. One can see from the figure
that the thermophoretic force Fth,e and the electric force FE
are the most important forces affecting dust grains. Mean-
while, near the wall the ion drag force and the thermo-
phoretic force associated with neutral temperature gradient
may be comparable or even larger than the thermophoretic
force Fth,e. The ion drag force is large near the wall due to
enlargement of the ion drift velocity. The thermophoretic
force associated with neutral temperature gradient is spatially
independent for the parameters considered here. The thermo-
phoretic forces, the ion drag force, as well as the gravita-
tional force are accelerating dust particles toward the wall. If
dust particles are negatively charged, the electric force is
directed to the plasma bulk, and the Lorentz force compo-
nent FB is directed toward the wall. Near the wall, where
dust particles are positively charged see Fig. 3d, the
Lorentz force accelerates them to the plasma bulk, and the
electric force is directed toward the wall.
Since the electron and ion currents to dust grains depend
on dust particle radius see Eqs. 21 and 22, the dust
charge is a function of rd. Therefore, investigate now how
the sheath parameters depend on dust particle radius. In Figs.
3a–3f, the spatial distributions of the forces Fth,e, Fidz, the
dust charge, the dust particle velocity, and the electron, ion,
and dust particle densities for different dust particle radii
rd=200, 400, and 800 nm are shown. It is found that the
sheath size decreases with increasing rd. The decrease is due
to enhancement of electron collection by dust particles with
increasing rd. As a result of the enhancement, the electron
density drops faster with the z-coordinate Fig. 3e, and the
dust charge at z=0 increases see Fig. 3e. Since an in-
crease of rd is also accompanied by enhancement of ion col-
lection by dust particles, the ion density decreases faster
when dust size becomes larger. Due to the faster decrease of
ne, the thermal force associated with electron temperature
gradient also decreases faster with the z-coordinate. Mean-
time, the z-component of the ion drag force at z=0, which is
proportional to rd
2
, increases, when dust size becomes larger.
Due to the increase of the ion drag force component, the
points, where the sum of the forces affecting dust grains is
about zero, are located closer to the plasma-sheath boundary
at larger rd see Fig. 3c. In the points, the dust density is
maximal, and the dust particle velocity is about zero. There-
fore, the dust velocity drops faster, and the density nd in-
creases faster with z-coordinate, if dust radius increases. One
can also see from Fig. 3 that the sheath parameters are oscil-
lating in space. The space oscillations are due to the stratifi-
cation of the dust particles, which is a result of balance be-
tween different forces affecting dust grains.28
The sheath parameters also depend on dust material den-
sity. In Figs. 4a–4d, the gravitational force, the thermo-
phoretic force associated with electron temperature gradient,
the z-component of the dust particle velocity, and the elec-
tron, ion, and dust particle densities as functions of
z-coordinate are shown for rd=600 nm and different dust
material densities d=3, 10.50, and 19.32 g cm−3. These
FIG. 3. The sheath parameters as functions of the z-coordinate for different
dust radii: rd=200 nm dotted curve, 400 nm dashed curve, and 800 nm
solid curves. The other parameters are the same as in Fig. 2.
FIG. 4. The gravitational and thermophoretic forces a, the dust particle
velocity b, the electron and ion densities c, and the dust density d
as functions of the z-coordinate for different dust material densities:
d=3 g cm−3 dotted curves, 10.50 g cm−3 dashed curves, and
19.32 g cm−3 solid curves, respectively. In a, the lines which are parallel
to the z-axis correspond to the gravitational force. Here, rd=600 nm and the
other parameters are the same as in Fig. 2.
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densities correspond to silicon, silver, and gold materials,
respectively. The sheath size decreases with increasing d
see Figs. 4a–4d. In our opinion, the decrease is due to
enlargement of the gravitational force Fig. 4a. At larger
gravitational forces, the points, where the dust particles are
in equilibrium, are closer to the plasma-sheath boundary
Fig. 4b. At large d, the equilibrium is mainly due to
balance between the gravitational and electric forces.
Next, let us study how neutral gas pressure affects the
sheath parameters. An increase of neutral gas pressure at a
fixed gas temperature is accompanied by enlargement of the
neutral gas density nn. As a result of nn increase, the thermal
force associated with electron temperature gradient at z=0
drops Fig. 5a. A variation of Fth,e affects the location of
the points, where the sum of all the forces affecting a dust
particle is about zero, and a dust particle is about in equilib-
rium vdz0. Since the force Fth,e at z=0 becomes larger
with decreasing p0, the distance between the equilibrium
points and the plasma-sheath boundary z=0 decreases. As a
result of the decrease, the dust velocity component vdz in the
region z4 cm increases with p0 growth, and, consequently,
the dust density nd decreases. Due to the nd decrease, the
electron and ion densities in the sheath are larger at higher
pressures. It explains the fact that the sheath size increases
with increasing p0. Since the electron density increases with
p0 enhancement, the magnitude of the dust charge 	Zd	 in the
region 0z4 cm also becomes larger Fig. 5d, and the
magnitude of the electric field potential increases more
slowly with the z-coordinate Fig. 5c.
Let us consider the effects of the ion temperature on the
sheath parameters. It follows from the hot-ion model27 that
without an external magnetic field, neglecting by ion-neutral
and ion-dust collisions, the ion number density can be fairly
approximated by ni=ni0 exp−e /Ti. Therefore, one ex-
pects that a decrease of the ion temperature should be accom-
panied by an increase of the ion density in the sheath. We
found that the ion density decreases faster along the dusty
sheath if the ion temperature becomes larger see Fig. 6. We
attribute the ion density decrease, as well as the decrease of
ne to enhancement of the thermophoretic force Fth,e at z=0
see Fig. 6a. The thermophoretic force associated with
electron temperature gradient increases due to Debye radius
increase and decrease of the neutral gas density at increasing
Ti for a fixed p0. Since the average ion and electron densities
in the sheath decrease with increasing Ti, the average dust
charge also decreases, and the magnitude of the electric field
potential increases faster along the dusty sheath Fig. 6c.
Next, we study how electron-dust and ion-dust
momentum-transfer collisions affect dust motion and, as a
result, the sheath parameters. To understand these effects, the
sheath parameters were calculated neglecting by the colli-
sions i,ed
e
=0 and were compared with those obtained in the
“normal” case i,ed
e 0. In Fig. 7, the sheath parameters as
functions of z-coordinate are shown for the both cases. One
can see from Fig. 7 that, due to scattering of ions on dust
particles, the ion drift velocity for most of z-coordinates in
the i,ed
e 0 case is smaller than that for i,ed
e
=0. Since the
ion flux niviz depends slightly on the z-coordinate, the ion
density for most of z-coordinates in the former case is larger
than that obtained at i,ed
e
=0. An increase of the ion density
is accompanied by decreasing the plasma Debye radius. As a
result, the force Fth,e in the i,ed
e
=0 case is larger than that
obtained at i,ed
e 0 for most of the z-coordinates. Due to
FIG. 5. The force Fth,e a, the normalized dust particle velocity b, the
normalized electric field potential c, the dust charge d, the normalized
electron and ion densities e, and the normalized dust particle density f as
functions of the z-coordinate for different gas pressures: p0=0.5 mTorr
dotted curves, p0=1 mTorr dashed curves, and p0=2 mTorr solid
curves. The other parameters are the same as in Fig. 2.
FIG. 6. The same as in Fig. 5 for different ion temperatures: Ti=0.05 eV
dotted curves, Ti=0.06 eV dashed curves, and Ti=0.08 eV solid
curve. The other parameters are the same as in Fig. 5.
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difference in the force Fth,e, the sheath size is larger in the
normal case than that obtained for i,ed
e
=0.
The sheath parameters also depend on the electron tem-
perature gradient. In Fig. 8, the sheath parameters as func-
tions of z-coordinate are shown for different electron tem-
perature gradients: zTe=−60, −40, and −20 K cm−1. It was
found that the sheath size decreases with an increase of mag-
nitude of the negative temperature gradient. This decrease
may be explained by an increase of the force Fth,e with in-
creasing the gradient Fig. 8a. As a result of the force
increase, the points, where vdz0, are located closer to the
plasma-sheath boundary at larger 	zTe	, and the dust particle
velocities at z5 cm are smaller and the dust densities are
larger. The enhancement of the dust density in the region
z5 cm is accompanied by a decrease of the electron and
ion densities and, consequently, by a decrease of the negative
dust charge and an increase of the magnitude of the electric
field potential see Figs. 8b, 8d, and 8e.
IV. DISCUSSION AND SUMMARY
In this section, we will discuss the results obtained in
previous section and simplifications used in the model, as
well as summarize the results. We have studied properties of
a plasma-sheath the sheath size, the electron, ion and dust
particle densities and velocities, the electric field potential,
and the forces affecting dust particles in the presence of an
oblique magnetic field for the conditions, when the thermo-
phoretic force associated with electron temperature gradient
is important among the forces affecting dust grains. The re-
sults of our studies have shown that the thermophoretic force
may be important at low pressures 1 mTorr and rela-
tively large electron densities 1010 cm−3, when the ratio
ne /nn is relatively large 10−3. Such parameters are typical
for high-density plasmas operated at low pressures.52,53 For
the conditions, the thermophoretic force can be dominant
among all the forces pushing negatively charged dust par-
ticles to the wall Fig. 2. Therefore, a variation in the force
may strongly affect the sheath properties. For example, a
decrease of neutral gas pressure is accompanied by an in-
crease of the force Fth,e at z=0 and, as a result, by a decrease
of the sheath width Fig. 5. The sheath decrease is due to the
fact that at larger Fth,ez=0 the location of the points, where
the sum of all the forces affecting a dust grain is about zero
vdz0, is closer to the plasma-sheath boundary see Fig.
5b. The sheath size also decreases with increasing ion and
neutral temperatures because the increase is accompanied by
a decrease of the neutral gas density and, consequently, by an
increase at z=0 of the thermophoretic force associated with
electron temperature gradient Fig. 6. Since the force Fth,e
naturally increases with increasing the electron temperature
gradient, the sheath size decreases with enhancement of the
gradient, if Te drops in direction from the bulk plasma to the
wall.
Note that the thermophoretic force associated with elec-
tron temperature may be large in low-pressure plasmas only
at relatively large magnetic fields because the electron ther-
mal conductivity increases with decreasing magnetic field,
and the electron temperature is nearly uniform at B=0.54
The magnetized sheath size also depends on dust particle
properties. For example, an increase of dust radius is accom-
panied by a decrease of the sheath size due to increase of the
ion drag force. At larger dust material densities, the gravita-
FIG. 7. The normalized electric field potential a, the thermophoretic force
Fth,e b, the z-component of the ion velocity c, the dust charge d, the
normalized electron and ion densities e, and the normalized dust density
f as functions of the z-coordinate for the i,ede =0 dotted curves and
i,ed
e 0 solid curves cases. The other parameters are the same as in Fig. 2.
FIG. 8. The thermophoretic force Fth,e a, the normalized electric field
potential b, the z-component of the dust particle velocity c, the dust
charge d, the normalized electron and ion densities e, and the normalized
dust density f as functions of the z-coordinate for different electron tem-
perature gradients: zTe=−60 K cm−1 dotted curves, zTe=−40 K cm−1
dashed curves, and zTe=−20 K cm−1 solid curves.
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tional force is larger and the sheath size is smaller. Sheath
size also depends on electron and ion-dust collisions. The
model, which accounts for the plasma-dust collisions, gives
larger sheath sizes than the model, where the collisions are
neglected Fig. 7.
Note that we have used some simplifications in the
model. In particular, the expression for the thermophoretic
force associated with electron temperature gradient is ob-
tained, using qualitative estimations.44 Additional efforts,
both in theoretical and numerical modeling, to get more ex-
act expression for the force are required. Next, the sheath
model has been developed without connection with a plasma
bulk model. To have a better insight in the sheath processes,
one has to accompany the sheath model with an appropriate
plasma bulk model. Moreover, studying the dust charging in
the sheath, we neglected by the dust charge distribution55 and
dust size distribution and assumed that the electron distribu-
tion function is Maxwellian. Meanwhile, the electron energy
distribution in the plasma bulk and sheath may be far away
from the Maxwellian distribution.13 However, even with
these simplifications, the model provides very important in-
formation about the magnetized sheath of a dusty plasma and
the methods how to control the sheath properties.
In summary, a free-component fluid model for a dusty
plasma-sheath in an oblique magnetic field is presented. Us-
ing the model, effects of neutral gas pressure and ion neutral
gas temperature, dust size and dust material density, electron
temperature gradient, and plasma-dust collisions on the
sheath structure are studied. The study is carried out for a
low-pressure high-density plasma case, when the thermo-
phoretic force associated with electron temperature gradient
is one of the most important forces affecting dust grains in
the sheath. Results of our studies show that for the param-
eters considered here an increase of the forces pushing dust
particles to the wall is accompanied by the sheath decrease.
The results of the studies may be useful for plasma technolo-
gies, where control of nano- and microsized structures in
plasma-sheaths near a substrate is required.
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